The double-differential cross sections (DDX) of neutron production by high energy heavy ions were measured using the RlKEN Ring Cyclotron of the Institute of Physical and Chemical Research, Japan, and the Heavy Ion Medical Accelerator in Chiba (HIMAC), the National Institute of Radiological Sciences. The neutron energy spectra from 0 to 110 degrees were obtained by using the time-of-flight method. The neutron spectra in the forward direction have a sharp peak which is located at the incident particle energy per nucleon due to the knock-on process, and spreads out to about 3 times the incident particle energy per nucleon. The total neutron production cross sections were obtained by integrating the energy spectra above 20 MeV over a hemisphere from 0 to 90 degrees. The experimental results are compared with calculations using the intranuclear cascade-evaporation Monte Carlo code, HIC, and the quantum molecular dynamics code, QMD. The QMD codes give better agreement with the expelimental results than the HIC code.
I. Introduction
Recently, high energy heavy ions have been used in various fields of nuclear physics, material physics and medical application, especially cancer therapy. At the National Institute of Radiological Sciences (NIRS) in Japan, the Heavy Ion Medical Accelerator in Chiba (HIMAC) has been used for heavy ion cancer therapy. To design these facilities, radiation shielding is essentially important to protect workers and nearby inhabitants from exposure to penetrating neutrons produced by high energy heavy ions. Data on the doubledifferential cross sections in energy and angle, DDX of secondary neutrons from a thin target are indispensable to estimate source terms for the accelerator shielding design. There exist only a few published data on the DDX of neutron production for 337 MeV/nucleon Ne ions on C, AI, Cu, and U targets l ) and 790 MeV/nucleon Ne ion on Pb target. 2 ) The DDX data are also useful for investigating the accuracy of the heavy ion nuclear reaction models in various transport codes.
Under these circumstances, we have performed a series of systematic studies to measure the double-differential neutron production cross sections by heavy ions for energies from about 100 to 600 MeV/nucleon. Here, in this study, we present the measured DDX data from thin targets of C, AI, Cu and Pb bombarded by 135 MeV/nucleon He, C, and Ne ions and by 95 MeV/nucleon Ar ion using the RIKEN Ring Cyclotron at the Institute of Physical and Chemical Research, Japan, and thin targets of C, Cu, Pb bombarded by C (290, 400 MeV/nucleon), Ne (400, 600 MeV/nucleon), Ar (400, 560 MeV/nucleon), Xe (400 MeV/nucleon) ions using the Heavy Ion Accelerator in Chiba (HIMAC) at the National Institute of Radiological Sciences, Japan. The measured spectra are compared with calculated spectra using the two heavy-ion Monte Carlo codes based on an intranuclear-cascade and evaporation model (HIC) 3) and a quantum molecular dynamics model (QMD)4) . 5) H. Experimetnai Procedure
RIKEN Ring Cyclotron
A schematic view of the experimental set-up is shown in Fig. 1 . The neutron-producing targets are set in a scattering chamber. The incident particles that penetrate the targets are bent towards the beam dump by a dipole-magnet through the PQ 1 and PQ2 quadrupole magnets. Neutrons produced in the forward direction, from the target, reach the neutron measre~ent area after passing through a 3-cm-thick acrylic vacuum window at the end of a beam pipe and a collimator of 120-cm-thick iron with a hole of 22 x 22 cm 2. The collimator is surrounded with concrete blocks of 240 cm thickness to shield the spurious neutrons coming from the beam dump. The NE213 liquid scintillator (12.7 cm diameter by 12.7 cm thick), which was designed to expand the dynamic range of output pulses for high-energy neutorn measurements, was used as the E counter. The NE102A plastic scintillator (15 x 15 cm 2 square and 0.5 cm thick), used as the ~E counter, was placed in front of the E counter to discriminate charged particles from noncharged particles, neutrons, and photons. The neutron energy was measured by the time-of-flight (TOF) method using the E counter that was placed on the neutron beam line at 847 cm from the target. The rf signal of the cyclotron was used as the stop signal for the TOF measurement. The direction of the incident beam was rotated around the target from 0 to 110 degrees using the beam swinger, in order to measure the energy-angular distribution of neutrons produced from the target. The measurements were carried out at 0 Table 1 . Measured neutron spectra for C, AI, Cu, and Pb targets bombarded by 135 MeV/nucleon C ions at RIKEN are shown in Fig. 3 , and for C, Cu, and Pb targets bombarded by 400 MeV/nucleon Ne ions at HIMAC are shown in Fig. 4 , as examples.
These experimental spectra in the forward direction have a peak near the projectile energy per nucleon. This peak becomes more prominent for lighter targets and for larger projectile masses. This indicates that these high-energy neutron components are produced in the forward direction by the knock-on and break-up processes due to quasi-free-elastic collision of the target and projectile nucleons and the momentum transfers from projectile to target nuclei are higher for lighter nuclei than for heavier nuclei.
Since the neutron emission in the preequilibrium process is forward peaked, the neutron spectra become softer at large emission angles as seen in these figures. As the target mass becomes heavier, the fraction of medium-energy neutrons below several tens MeV increases due to the increase in preequilibrium and equilibrium neutron emissions. The high-energy neutrons in the forward direction are produced with energies up to about three times higher than the incident particle energy These experimental results were compared with calculations using the HIC and QMD codes. There is a peak near the projectile energy per nucleon in the forward direction predicted by both the HIC and the QMD codes. The QMD code tends to underestimate the peak in the experimental spectra, and the HIC code tends to overestimate it.
The HIC and the QMD codes show a tendency to underestimate the high-energy neutron components in the forward direction beyond the peak. However, both calculated spectra agree relatively well with the experimental spectra with increasing projectile mass. The agreement between experiment and calculation becomes much better for higher-energy projectiles at HIMAC than for lower-energy projectiles at RIKEN, which comes from the nuclear reaction models used in these codes.
At large angles, both calculated spectra are in agreement with the experimental spectra although QMD appears to be better.
Both the QMD and HIC codes reproduce the general features of the experimental data, although they are not very quantitatively accurate. In general, the QMD code gives better agreement with experimental results, especially for a highenergy heavy projectile than does HIC.
Angular Distribution
The neutron production cross sections integrated over energies above 20 MeV are examplified in Fig. 5 for each emission angle. As the projectile mass increases, the angular distribution is more forward peaked in the region from 0 to 15 degrees, where the knock-on and break-up processes are dominant. For angles greater than 15 degree the angular distribution has almost the same slope independent of the projectile mass. As the target and projectile masses increase, the cross sections become larger. 
Total Cross Section
The total neutron production cross sections above 20 MeV were obtained by integrating over a hemisphere from 0 to 90 degrees, as shown in Fig. 6 as a function of target mass number. The total neutron production cross sections become larger with increasing target mass and projectile mass as seen in Fig. 6 . The total neutron production cross sections above 20 MeV can be expressed in the following formula, independent of the projectile energy, where Ap and At are the mass numbers of the projectile and the target and N p is the neutron number of the projectile.
[CAp 1/3+A t 1/3_b o )2] is related to the geometrical total reaction cross section 6 ) and b o is the overlap or transparency parameter given by Sihver et at. 7) The calculated results using Eq.(l) is plotted in Fig. 6 , and give good agreement with the experimental results within a factor of 2. 
IV. Conclusion
We measured the double differential cross sections of neutron production from thin targets using the RlKEN Ring Cyclotron and HIMAe. The neutron spectra in the forward direction have a peak that is located near the incident particle energy per nucleon. The experimental results were compared with the calculations using the QMD and the HIC codes. These calculated results generally agree with the measured spectra at large angles and for heavier targets and heavier projectiles. We found that the total neutron production cross sections above 20 Me V, integrated over a hemisphere from 0 to 90 degrees, can be well represented in terms of a geometric cross section, the target mass number, and the projectile neutron number.
These experimental results will be useful as benchmark data for investigating the accuracy of the heavy-ion reaction models used in Monte Carlo codes. These data are also important as basic data for the shielding design of heavy-ion accelerator facilities.
